This study investigates the physical basis of color effects in the detection of proteins in polyacrylamide gels by silver staining. Specifically, the hypothesis that different colors may correlate with the development of silver grains of characteristic sizes was investigated by electron microscopy. Protein bands that stained brown, yellow, and blue were excised from stained gels and prepared for electron microscopy by thin-sectioning. In each case, the size distributions of globular silver grains were determined directly from the electron micrographs. We found that blue bands have larger silver grains (with diameters of 40-100 nm) than yellow (21-39 nm) or brown bands (17-35 nm). On the basis of these and other observations, a general mechanism is proposed whereby chemical specificity of electrophoretically separated proteins is expressed in color-specific silver staining.
The observation that silver nitrate, the main ingredient of silver stains, can stain or blacken organic substances, including human skin, is credited to Count Albert von Bollstadt in the 12th century (1) . Modem scientific applications of silver staining began with Krause's histological staining of fresh tissues in 1844 (2) . Silver staining was introduced as a general detection method for proteins separated by polyacrylamide gel electrophoresis in 1979 (3, 4) . It is more sensitive than the most commonly used organic protein stain, Coomassie blue, by a factor that can, with the most responsive proteins, exceed 100.
Enhanced color development with silver stains has been used as an aid in the identification of certain proteins (5) (6) (7) (8) . Production of color with silver stain depends on many variables. It is, for instance, possible to promote the development of colors by lowering the concentration of reducing agent in the image-development solution, prolonging the development time, adding alkali, or elevating the temperature during staining. Variations in protein concentration may also produce color shifts. Moreover, color may depend on intrinsic properties of the individual proteins: Nielsen and Brown (8) have shown that charged amino acid side groups play a major role in color formation.
The current study was designed to investigate the basis of color effects in silver staining of proteins in polyacrylamide gels. One possibility is that they may be analogous to light-induced silver-based color effects in photography, which have been observed as long ago as 1840, with Herschel's development of a photographic image on a paper saturated with silver halides. In this way, he was able to record the colors of the prismatic spectrum of sunlight, culminating in a "full and fiery red" (9) . It has since been proposed that color development in silver-based photochemistry depends primarily on two variables: the size of the silver grains and the average intergrain spacing (10) . However, a second explanation has also been given for the colors of silver-stained protein bands in gels-the formation of specific protein-silver complexes (8) . In this case, colors would presumably result from conjugated bond systems formed through appropriate interactions of the silver atom(s) with functional group(s) on the protein molecules. To investigate this phenomenon and to distinguish between these alternative explanations, we have employed electron microscopy to determine directly the sizes of silver grains associated with protein bands of different colors.
MATERIALS AND METHODS
Proteins. Human serum albumin (fraction 5) was obtained from Miles, and human apolipoprotein A-II was obtained from Sigma. These proteins were dissolved in a solution containing 1% (wt/vol) sodium dodecyl sulfate (NaDodSO4), 2.5% (vol/vol) 2-mercaptoethanol, and 1% (vol/vol) Triton X-100 prior to electrophoretic separations. Dilutions of the proteins were made with 70% (vol/vol) glycerol.
Electrophoresis. Slab gels (0.75 mm thick) containing 12.5% polyacrylamide and 1% NaDodSO4 were run in a vertical apparatus as described by Studier (11) , using the discontinuous buffer system of Laemmli (12) , with bromphenol blue as a tracking dye.
Silver Staining. The gels were first fixed for 20 min in a solution containing 50% (vol/vol) methanol and 10% (vol/vol) acetic acid. They were then rinsed for 20 min with a fixer containing 10% methanol and 5% acetic acid. Staining was begun by treating the gels with a 32.6 mM dithiothreitol solution for 20 Electron Microscopy. Desired bands were excised from gels, dissected into blocks of approximately 3 mm x 6 mm x 0.8 mm, and dehydrated by serial transfer into concentrations of 50% through 100% ethanol. As monitored by light microscopy, dehydration resulted in shrinkage of the samples to 45% (± 4% SD, n = 13) of their original dimensions. The samples and embedding resin were placed in BEEM capsules, the capsules were tightly capped to prevent contact with air, and the resin was allowed to polymerize for 24 hr at 65°C. Thin sections, nominally =70 nm, were cut with glass knives on a Sorvall MT2 ultramicrotome. To prevent distortion of the sections upon exposure to water (see Results), ethanol was used in the collection trough, and the sections were salvaged from the bottom of the trough on hexagonal-mesh grids. To flatten the sections and to prevent them from slipping off the grids, they were sandwiched between two such grids. Specimens were observed in a Philips EM300 electron microscope at a nominal magnification of x 16 ,000, which was precisely calibrated by using the 2.49-nm striations of crystallites of the dye olive-T (13) .
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Image Processing. Electron micrographic prints at magnifications of x 30,000 or x 60,000 were digitized by means of a Hamamatsu C-1000 video camera (Hamamatsu, Waltham, MA) and displayed on a television monitor. The pixel sizes used corresponded to 2-4 nm at the specimen. Fig. 2 . Because these sections were not stained for electron microscopy with heavy metal salts or subjected to any other treatment that might alter the sizes of the silver grains developed during the protein staining, the dimensions and (globular) morphology of the silver grains should be correctly represented in these images. On the other hand, it is not possible to draw inferences as to grain density (i.e., typical inter-grain spacing) on better than a semiquantitative basis. This difficulty is due to two factors: first, the distortions of the sections, primarily shrinkage upon dehydration, estimated to be a factor of 2 or more; and second, variability in the projected thickness of the sections, which are often crumpled and folded.
In sections from background regions of the gel, which do not contain a stained protein band, very small (5-15 nm), micrograms are detected (Fig. 3d) . These micrograms are presumably responsible for the brownish background hue of silver-stained gels, since they are present throughout the gel, even (albeit sparsely) in regions occupied by negatively stained protein bands, such as area 6 of Fig. 1 . Positively staining bands contain, in addition to the micrograms, larger silver grains whose sizes correlate with the color of the bands. Diameters of representative samplings of silver grains from brown, yellow, and blue bands (see Fig. 1 and Fig. 3 a-c) were measured. The results are compiled in Fig. 4 and Table 1 . The size distributions of the brown and yellow bands are fairly similar in range, mean, and standard deviation, although the grains in the brown band tend to be slightly smaller (mean diameter = 25.8 nm; Fig. 1, band 2) than those in the yellow (29.6 nm; Fig. 1, band 4) . Grains from the blue band (band 3), however, are strikingly different, being both larger and more heterogeneous. Moreover, their distribution through the gel matrix is definitely sparser (Fig. 3 a-c) . Silver grains from the blue band range from approximately 30 nm to >100 nm in diameter, averaging 70.6 nm, with a broad but apparently unimodal distribution (Fig.  4c) .
To answer the question of whether the larger silver grains of the blue band (Fig. 1, band 3 Fig. 1 ). In this band, silver grains 20-40 nm in diameter are distributed throughout the polyacrylamide matrix, which is permeated by grain-free pores. Also present are 5-to 15-nm micrograms, which are found throughout the gel.
variety of silver-staining procedures that can produce colored bands, and it is clearly impractical to analyze them all in the same way. Nevertheless, on the basis of the results obtained and the arguments given below (Discussion) concerning the chromatic properties of silver microspheres, we consider it highly likely that coloration of proteins by most (and quite possibly all) silver-staining protocols is caused by the same physical mechanism-i.e., the development of silver grains of sizes appropriate to the observed colors.
DISCUSSION
Color effects may originate in many different ways; indeed, an informal classification by Nassau (16) distinguishes 14 different physical mechanisms. Of these, the mechanisms most likely to be germane to colored protein bands in silver-stained polyacrylamide gels are (i) the diffractive scattering of light by microscopic silver grains (10) and (it) the formation of specific complexes of silver atoms with the protein molecules (8) . The latter would presumably produce color as the result of appropriate conjugated bond systems (16) , and the dimensions of the silver-containing entities responsible for color generation would be on the submolecular scale (i.e., S1 nm). Our results point to the former alternative. We observe a pronounced and reproducible dependence of color on silver-grain size, brown bands having average grain diameters of 26 nm, whereas yellow and blue band have grains that average 30 nm and 71 nm, respectively. The brown and yellow bands are, in fact, rather similar both spectrally and in terms of their silver-grain sizes. Although it has not yet been possible to put this explanation on a quantitative basis, we consider it likely that the distinction between them is due primarily to a higher concentration in the brown band of the 20-to 40-nm silver grains and/or the "background" 5-to 15-nm micrograms.
It is of interest that, for silver colloids produced under photographic development conditions in gelatin emulsions, a similar relationship between color and silver-particle diameter has been reported (17, 18) . In these dimensionally homogeneous suspensions, 40-nm microspheres were yellow, blue was associated with larger diameters, and other colors were also observed (17, 18) .
The possible influence of intergrain spacing on color (10) cannot be settled conclusively yet, as our data are compromised both by large-scale shrinkage of the gels and by ambiguities as to the true spacings between grains situated at different depths within the sections. However, two observations incline us to the view that, in the absence of aggregation, intergrain spacing has a relatively minor effect on color modulation but is primarily responsible for opacity. First, of two different loadings of the same "brown" protein, the more concentrated band (no. 2 in Fig. 1 ) was almost totally opaque, whereas the other (no. 5) was translucent. The sizes of the silver grains were essentially the same in both bands, but they were more densely distributed in the more concentrated loading (no. 2). Second, upon dehydration, the gels shrank to ==45% of their original dimensions (equivalent to an 11-fold increase in the number of grains per unit volume), whereupon translucent bands of all colors turned black. This transition was reversible, the colors being restored when the gels were rehydrated to their original dimensions. Thus, the spatial density of these grains must not exceed a certain limit for colors to be observed; otherwise extreme darkening, presumably due to multiple light scattering, occurs .
The hypothesis that color may be caused by the specific complexing of silver atoms to functional groups on proteins We conclude, therefore, that colors produced by silver staining of proteins in polyacrylamide gels are caused by diffractive light scattering from silver grains of characteristic sizes. Recently, these phenomena were put on a firmer theoretical footing by adapting a formalism for the scattering of electromagnetic radiation from reflecting spheres to the particular case of silver microspheres in polyacrylamide gels (A.C.S. and G. R. Silvermann, unpublished data). The spectra thus calculated account for the observed dependence of color on silver-grain diameter.
What, then, is the basis for color specificity in protein staining? That is, why do certain proteins tend to stimulate the growth of silver grains of particular sizes? Although this question cannot yet be answered in detail, many studies have established that color formation depends both on the specifics of the staining chemistry and on intrinsic properties Many of the non-diamine silver protein stains were adapted from photographic or histochemical protocols and rely on the reaction of silver nitrate with protein in acidic conditions, followed by the selective reduction of ionic silver to metallic silver by formaldehyde in alkaline conditions. Detection of proteins in a gel or on a membrane appears to depend critically on the oxidation/ reduction potential. If a protein site has a higher reducing potential than the surrounding matrix, then it will be positively stained. Conversely, if the protein site has a lower reducing potential, it will be negatively stained. These oxidation/reduction potentials can be manipulated through the chemistry of the staining procedure. For instance, negative staining is obtained if the gel is soaked in silver nitrate prior to processing in the dark with photographic developer (19) . On the other hand, positive staining results if the gel is first treated with potassium dichromate (19) : the effects of many other treatments and variants thereof have also been documented (20) (21) (22) (23) .
We now consider the role of intrinsic properties of a given protein. As regards sensitivity, several studies have systematically compared the relative affinities for silver staining of different homopolymeric amino acids (8, 24, 25) . Despite some discrepancies among the data (which most likely are attributable to variations in procedure-see above), one widely accepted conclusion is that basic residues have relatively high affinities for silver staining (8, 24, 25) . Apparently, however, it is not amino acid composition alone that governs silver-staining properties. The observation that, of the individual amino acids, only cysteine stained positively under conditions whereby many homopolymers did stain (25) implies a functional site that is larger than a single residue. Regarding specificity, there is evidence that posttranslational modifications may influence a protein's affinity for silver stain and its propensity for coloration. For instance, a procedure that stains erythrocyte membrane sialoglycoproteins and lipids yellow has been described (26) .
In general terms, we propose that colored silver staining of proteins in gels takes place according to the following mechanism: the presence on a protein of certain groups or sites will, when subjected to a suitable protocol, nucleate globular silver grains that grow to sizes appropriate to particular colors. Both nucleation density and growth rate are important factors. If too many grains are seeded, the band will become quite opaque, regardless of grain size. If too few grains are seeded, negative staining may result. Moreover, grains must grow sufficiently large-typically into the 30-to 100-nm range-in order to generate colors other than the brownish background hue. Within this scenario, most details remain to be worked out. To realize the full analytical potential of colored silver staining in deducing chemical properties of electrophoretically separated proteins will require much further research.
